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Abstract 
The research discussed in this study focused on the design, synthesis, and characterization of new model 
complexes that mimic the type-3 enzyme, catechol oxidase, which oxidizes catechols to their corresponding 
quinones. Our approach focused on the design and synthesis new model complexes that contain a 
dicopper(II) center that can be fine-tuned in a variety of ways, such as sterics and exogeneous bridging 
molecules. This method allows a multitude of complexes to be created and compared to determine how the 
overall structure affects the catecholase activity of the complexes. 
Two ligands were synthesized; they contain a phenolate body, two amide groups, and two 
bis(pyrazolyl)methane ligand side-arms. They were named L1"'H4Pz and L co4pz, depending upon which end 
of the amide was bound to the phenol ring. These ligands were characterized using 1H-NMR and IR 
spectroscopy. Using these ligands, copper(II) ions were coordinated to the ligands, along with specific 
exogenous bridges to produce a total of four complexes, two L NH4pz-copper complexes and two L co4pz­
copper complexes. These complexes were characterized by 1H-NMR, IR spectroscopy, X-ray 
crystallography, and UV-Vis spectroscopy. 
The catechol oxidase-like behavior of these compounds was also analyzed, and we found that the 
LNH4Pz-based copper compounds have small activity; in contrast, the Lco4PzCu2(0H) complex has a high 
catecholase activity, with a substrate to product conversion of over 90%. Furthermore, UV-Vis 
spectroscopy revealed that the reaction is first order in catalyst and that there is a substrate saturation at 
high substrate concentrations. 1H-NMR confirmed that the quinone was the only product produced during 
this reaction. 
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I. Introduction 
1.1. Enzymes and their function 
In living systems, the ability to speed up specific reactions is of crucial importance. An enzyme is a 
protein molecule that acts as a catalyst and is constructed from various amino acids, each residue bound to 
the next so they can be as short or long of a chain as necessary. There are many types of enzymes, each 
with their own function; however, all enzymes have several characteristics in common.1 
One important feature of an enzyme is that they increase the rate of a reaction. The majority of the 
reactions in living organisms happen more than a million times faster than they would without an enzyme. 
Another key characteristic is that some enzymes interact with only one substrate, indicating high selectivity 
in its binding site; however, in some cases, different enzymes are able to do the same job. Finally, enzyme 
active sites have the ability to react and form different states that may be required by the catalytic cycle for 
the specific reaction to occur.1 
In some cases, vital to an enzyme function is the presence of one or more metallic centers in their 
structure; these metals can vary and have an important role in the enzyme's activity. They can act as electron 
donors or acceptors, Lewis acids (electron acceptors) or structural regulators. Examples of metal centers 
found in enzymes are iron, copper, zinc, nickel, molybdenum, and calcium.1 
An example of such an enzyme is methane monooxygenase (MMO). MMO is responsible for oxidizing 
the C-H bond in alkanes, most notably methane (forming the product mcthanol).2 This classifies the enzyme 
as an oxidoreductase. This enzyme, MMO is known to be responsible for oxidizing methane, ammonia, 
aromatic compounds, etc. There are two types of this enzyme that have been characterized, the soluble 
(sMMO) and particulate (pMMO) methane monooxygenase.2 The sMMO is one of the most studied 
enzymes: multiple studies tried to elucidate the structure and the mechanism of methane-to-methanol 
transformation process. 2 Figure I. I. shows the structure of this enzyme. The active site of sMMO contains 
a diiron(ll) center coordinated by four glutamates, two histidines, two bridging oxygen atoms, and a water 
molecule.2 During the substrate oxidation process, the reaction of oxygen with the diiron(ll) center 
generates transient diiron(III) and diiron(IV) species; simultaneously, the coordination of the oxygen 
molecule to the dinuclear core causes significant changes in the coordination environment of the iron 
centers (as seen in Figure 1.2. ) .  
Figure 1.1. The soluble methane monooxygenase enzyme and i ts  active site. 
Dioxygen activation and methane hydroxylation in sMMO occur in a multi-component system: a 
hydroxylase (MMOH), a NADH oxidoreductase (MMOR), and a regulatory protein (MMOB ). 3 The central 
catalyst (the diiron site) can exist in various oxidation states; however, only the diiron(II) state (MMOHred, 
Figure 1.2) can react with 01 to form intermediate P* which transforms (via a proton transfer PT) into 
MMOHperoxo state. Following a proton coupled electron transfer the peroxo state changes into intermediate 
Q, a species that is responsible for CH4 hydroxylation, and then transforms into the resting state MMOHox, 
a diiron(III) species. 3 
2 
MMOHred 
NADH 
+ H+ 
MMOH0x 
.. 
PT 
Intermediate P* 
'--"' =Glu144 
Intermediate Q 
Figure 1.2. The catalytic cycle of methane hydroxylation by MMOH.3 
1.2. Copper containing enzymes 
MMOHperoxo 
PCET 
A distinctive class of enzymes are those containing copper ions in their structure. There has been an 
increased interest in the study of these species due to their involvement in many biological processes such 
as electron transfer and oxidation of various organic substrates.4'5 These proteins are found typically in 
plants, insects and mammals, and they have four main functions: (i) metal ion uptake, storage, and transport, 
(ii) electron transfer, (iii) dioxygen uptake, storage and transport, (iv) catalysis.5'6 Some examples are 
depicted in Scheme 1.1. 
These copper containing proteins were classified based upon their spectroscopic properties, dividing 
them into three categories: type-1, type-2, and type-3. However, as more structural data became available, 
these proteins were further divided into seven categories: type- I, type-2, type-3, typc-4 or multicopper, 
CuA, Cus, and Cuz clusters.6,7 The following is a summary description of each type. 
3 
Tyrosinase 
�OH 
0 
Hemocyanin 
transport 
�o 
�o 
Galactose Oxidase 
Nitrite reductase 
Scheme 1.1. Some copper-containing enzymes and their function; for more examples see references 5 
and 6. 
Type-I: 
Type-I copper protein active sites are known for their blue color from a strong absorption at 600 
nm resultant of a Ligand to Metal Charge Transfer (LMCT) transition of a cysteine sulfur to the copper( II) 
ions.8 Type-I active sites are typically involved in electron transfer processes, multicopper oxidases, and 
redox enzymes. Examples include: azurin, ascorbate oxidase, and nitrite reductase. X-Ray crystallography 
was used to analyze the structure of type- I copper protein active sites on plastocyanin.9 The environment 
around copper consists of two nitrogen donor atoms from two histidine residues and two sulfur atoms, one 
from a cysteine residue and the other a weakly coordinated sulfur atom from a methionine residue; however, 
a glutamine or leucine residue may be found in the place of the methionine residue.10 
Type-2: 
Type-2 copper protein active sites are known for their characteristics being similar to regular 
copper(II) complexes. Their Electron Paramagnetic Resonance (EPR) and structural data showed that the 
active sites have a tetragonal geometry and an N,O chromphore.r"11 Type-2 are light blue in color, 
originating from a d-d transition instead of a sulfur to copper charge transfer when compared to type-1.6 
This structure is constructed by four nitrogen and/or oxygen atoms in a square planar or distorted tetrahedral 
4 
geometry.6•11 An example of this protein is phenylalanine hydroxy lase. These type-2 proteins are usually 
involved in selective hydroxylation of aromatic substrates and C-H bond activation of benzylic substrates 
and primary alcohol oxidations.6 
Type-3: 
Type-3 copper protein active sites are represented by three proteins: hemocyanin, tyrosinase, and 
catechol oxidase.12 In the active site's oxygenated (di-oxygen bound to the copper ions) state, the ions are 
antiferromagnetically coupled and therefore are EPR silent. The crystal structures of hemocyanin and 
catechol oxidase have been determined and show that these proteins contain a dicopper center with both 
ions surrounded by three nitrogen atoms from histidine residues.6 These copper protein active sites have 
the ability to reversibly bind dioxygen at ambient conditions. Mollusks and arthropods use the protein 
hemocyanin for dioxygen transport, while tyrosinase and catechol oxidase are responsible for the oxidation 
of phenolic substrates to catechols and/or quinones.12 These products can then react further to produce 
melanin (vide infra).6 
Type-4 (multicopper): 
Type-4 copper protein active sites are different in the sense that they have three copper ions 
arranged in a triangular shaped array. They can be regarded as a combination of a type-2 and type-3 active 
site. In some cases, a type-1 is also involved in this arrangement and is then known as a multicopper oxidase 
category; this also denotes them as "blue oxidases."13 This multicopper structure forms through the binding 
between the cysteine-histidine electron pathway of the triangular array and the type- I active site. This was 
determined by the use of X-ray crystallography and EPR on the enzyme methane monooxygenase. Type-4 
copper proteins such as ascorbate oxidase are known for their involvement in a wide range of organic 
oxidation reactions such as phenol oxidations.13 
5 
CuA protein active sites are knmvn for having a mixed valence copper center. This is because it 
contains a dinuclear copper core, with both coppers having a tetrahedral geometry and a formal 1.5 
oxidation state.14 These two copper ions are each bridged by two thiolate groups from cysteinyl residues 
and are also bound to a nitrogen atom from a histidine residue. Their EPR data and vibrant purple coloring 
while in the oxidized state suggest this type of structure. CuA copper protein active sites such as nitrite 
reductase are involved in long-range electron transfer reactions. 14 
The CuB protein active site is known for its close proximity to an iron center as in the case of 
cytochrome c oxidase structure (heme). In this active site, there is a single copper ion that is coordinated 
by three nitrogen atoms from histidine residues, forming a trigonal pyramidal geometry. The fourth position 
of the copper ion is pointed towards the heme iron ion.1s When the protein is in the oxidized state, the 
copper and iron ions have strong antiferromagnetic coupling.1s The Cua active site is used in the four­
electron reduction of dioxygen to water. 
The Cuz protein active site contains four copper ions that are arranged in a distorted tetrahedral 
geometry. This structure was determined by X-ray crystallography on nitrite reductase.16 These copper ions 
are coordinated by seven histidine residues and one sulfur atom.16,17 One of the copper ions is only bound 
to one histidine residue, this provides space so that the substrate may bind to the active site. What is also 
interesting is the fact that the copper-copper distances between two pairs of ions are shorter than in other 
cases; this allows them to be regarded as metal-metal bonds.17 The oxidation states of the copper ions when 
the enzyme is in its resting state is not fully clear. EPR data suggest either a Cu13Cu11 or a Cu1CuII3 
combination, both of which have similar four-line spectra. The Cu1 protein active site is responsible for 
reduction of N20 to N2•16•17 
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1.3. Catechol Oxidase 
Catechol oxidase contains a type-3 active site that through oxidation converts a variety of o-
diphenols ( catechols) into their corresponding a-quinones. 18 This type of reactions are known as catecholase 
activity. The resulting product will then further be transformed via an auto-polymerization reaction into the 
pigment melanin. Melanin is a biological response, thought to be used for protecting damaged tissue against 
pathogens and insects. Catechol oxidase was discovered in 193 7, and was found in various plant tissues 
and crustaceans.18 
Due to the variation of the sources from where this enzyme was collected, the molecular weights 
of catechol oxidase enzymes are different. There are most commonly two ranges of molecular weight, 3 8-
45 kDa and 5 5 -60 kDa. This is because the C-terminus (the end of an amino acid chain that is ended by a 
carboxyl group) can bind to different residues, which will inherently change the overall molecular weight 
of the enzyme. Similar enzymes with smaller molecular weights have also been discovered, however, they 
are usually derivatives of catechol oxidase.18 
1.3.1. Catalytic mechanism 
As mentioned above, catechol oxidase catalyzes the oxidation of catechols into quinones in the 
presence of molecular oxygen as it can be seen in Scheme l.2. 
NHi I • CCOH 
2 OH 
CUl"'"NH· \_ IS 
NHis 
Scheme 1.2. Catecholase reaction. Redrawn from reference 18. 
2ao 
� 0 
Scheme 1.3 outlines the proposed catalytic cycle of catechol oxidase based upon the structural, 
spectrochemical, and biochemical data from Ipomoea batas.12 It is a four step cycle that starts at the met 
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form (native resting state) of the enzyme (top structure in Scheme 1.3) with one molecule of catechol binding 
to the active site; one proton is produced as a byproduct. The catechol is then oxidized, producing one 
molecule of quinone and the resulting deoxy form of catechol oxidase (bottom structure in Scheme 1.3). It 
is of note that the dicopper center is no longer bridged by a hydroxide; instead one copper ion is coordinated 
by a water molecule resulting from the OH- bridge taking the second proton from the catechol as it oxidized 
it. In the next step, one equivalent of molecular oxygen and a second molecule of substrate then bind to the 
copper ions, re-oxidizing the copper(!) ions to copper(II) and forming the oxy state (left structure in Scheme 
1.3), with the byproducts being a water molecule and a second proton. Then these two protons come into 
play: the enzyme oxidizes the second molecule of substrate with the production of a second equivalent of 
water and returns the enzyme to native met state to begin the cycle again. 
H,O•>=< 
0 0 
�·Q HO OH 
(YOH 
�OH 
Q 0 0 
Scheme 1.3. Proposed catalytic cycle of catechol oxidase. Redrawn from reference 18. 
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1.3.2. Various states of Catechol Oxidase 
In 1998, the crystal structure of catechol oxidase was determined from Jpomoea batas by Krebs and co-
authors.12 A singular enzyme with a molecular weight of 39 kDa was isolated and found to have an ellipsoid 
shape, having the dimensions of 55 x 45 x 45 A 3. The secondary structure consists of an a-helical structure, 
with four helix structures forming the core. This core allows for the copper ions to be coordinated by six 
histidine residues off of two of the a-helices and is protected by several �-strands.12 
Detailed crystallographic studies led to the identifications of three states: native met, reduced deoxy, 
and dioxygen bound oxy state. The following is a description of these three structures. 
As outlined in Figure 1.3, in the met state, the active site of the enzyme consists of two copper(Il) 
ions, each coordinated to three histidine residues, and bridged by a hydroxyl group.12 This coordination to 
the copper ions produces a trigonal pyramidal geometry. This is the native, resting structure of catechol 
oxidase that begins the catalytic process and the state at which the enzyme will return to after the completion 
of the cycle. In this state, the copper ions are about 2.9 A apart, the shortest distance in al I of the three states. 
The EPR data reveals a strong antiferromagnetic coupling between the two copper ions, which is in 
accordance with the crystallographic data, where a solvent is found quite often to act as a bridging molecule 
between the two copper ions.12 
Figure 1.3. The native (met) structure of catechol oxidase. Redrawn from reference 18. 
When the first substrate molecule is oxidized, the di copper center is also reduced to copper(I), producing 
the deoxy form, pictured in Figure 1.4. The distance between the two copper ions increases from 2.9 A to 
4.4 A.12 There were only minor structural changes from the bound histidine residues with no other changes 
from other residues on the enzyme. The copper ions have two different coordination geometries, which was 
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deduced based upon the residual electron density maps. A water molecule is situated roughly 2.2 A away 
from one of the copper ions, resulting in a distorted trigonal pyramid geometry. The other copper ion is 
coordinated by three nitrogen atoms from three histidine residues with nothing in the last coordination site, 
best described as a square planar geometry.12 
Figure 1.4. The reduced deoxy state of the enzyme. Redrawn from reference 18. 
The oxy state (pictured in Figure I. 5)  is produced when the deoxy form reacts with one equivalent 
of molecular oxygen. The molecular oxygen re-oxidizes the copper center from copper(!) to copper( II), and 
brings the copper ions closer. The oxy state of catechol oxidase can also be obtained by taking the met 
native state and treating it with hydrogen peroxide.18 This interaction gives absorption bands at 343 nm ( E 
= 6500 M-1 cm-1) and 580 nm(E = 450 M-1 cm-1), attributed to LMCT bands.18 
Figure 1.5. The dioxygen bound oxy state of the enzyme. Redrawn from reference 18. 
1.4. Metal complexes mimicking the active site of CO 
Fueled by the desire to understand the fundamental aspects of the mechanism of catechol-to-quinone 
transformation process and the potential applications of this process, many research groups have 
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synthesized dinuclear copper-based systems that mimic certain structural and functional aspects of the 
catechol oxidase core.19-23 Representative examples are given in Figures 1.6. -1.11. 
One example, pictured in Figure I.6 is based on a ligand having a phenol as a bridge between the two 
copper ions. Each copper ion is found in a distorted square pyramid geometry made up by the coordination 
of two nitrogen atoms (from pyridine), one tertiary amine, and one acetate ion. The Cu ... Cu distance is 
3.016 A, with a Cu-0-Cu angle of 128.65°. 19 
Figure I.6. Structure of [Cu2(BPMP)(OAc)2][Cl04]"H20. Redrawn from reference 19. 
The complex depicted in Figure 1.7 has a ligand with a phenol as a bridge between the two copper 
(II) ions in addition with two bridging acetates. Each copper (II) ion is also bound to two nitrogen atoms 
from piperazine arms.20 The piperazine arms are in a boat position, so they do not lie in the same plane as 
the dicopper center. This imposes a significant steric strain on the structure, especially upon the addition of 
the two acetate ion bridges. The Cu ... Cu distance is 3.292 A with a Cu - 0 - Cu angle is 113.6°.20 
The example in Figure 1.8 is similar to the previous example as it has a bridging phenolate between 
the two copper (II) ions and a second bridge of a methoxy group. Each copper ion is also bound to a 
piperazine arm, but unlike the example discussed above and pictured in Figure I. 7, the piperazine adopts 
the more thermodynamically stable chair conformation. This chair conformation leaves two free 
coordinating positions on each copper ion; filled by acetonitrile solvent. This coordination relieves most of 
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the steric hinderance that was seen in the previous example of Figure I.7. The Cu··· Cu distance is 3.002 A 
with two copper-copper angles: Cu-0-Cu of97.2° and Cu-0-Cu of 104.78°.20 
Figure 1.7. The structure of a dinuclear copper(II) complex, [Cu2(L4)(µ-0Ac)2]Cl04. Redrawn from 
reference 20. 
Figure 1.8. The structure of a dinuclear copper complex, [Cu2(L5)(µ-0Me)(NCCTh)3(0H2)](Cl04)2 · 2 
CH30H · ClliCN. Redrawn from reference 20. 
The example depicted in Figure I.9 has the dicopper core surrounded by a macrocyclic ligand. Each 
copper ion is bound to four nitrogen atoms from this macrocyclic ligand (two from pyrazole, one tertiary 
amine, and one from pyridine); in addition a hydroxide ion acts as a bridge between the two copper ions. 
This environment around the copper ions is best described as a distorted trigonal bipyramid with the copper 
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ions lying in the same plane as the macrocycle and the pyridine rings cis to one another above the moiety. 
The Cu··· Cu distance is 3.7587 A with a Cu-0-Cu angle of 155.97°.21 
Figure 1.9. The structure of the complex cation of [Cu2([22]py4pz)(µ-OH)]3+. Redrawn from reference 
2 1. 
The structure in Figure I. I 0 is a binuclear complex with each copper ion being bound to a bridging 
triflate ion, to an alkoxide ligand that also acts as a bridge, and to three nitrogen atoms of the ligand (two 
from pyridine and from one tertiary amine). This coordination arrangement around the copper ions forms a 
distorted square pyramid geometry. The Cu-Cu distance is 3.699 A and a Cu -0-Cu angle of 139.82°.22 
The example in figure 1. 1 1  is a dinuclear copper complex that contains a bridging pyrazolate. Each 
copper ion is also bound to a hydroxyl bridge and two nitrogen donor atoms. The fifth position for each 
copper ion is filled by a counter ion or solvent molecule (in this case, methanol), confirmed by X-ray 
crystallography. This molecule is at a great distance, common for Jahn-Teller distortion.23 This coordination 
results in a rough square planar geometry. The Cu-Cu distance is 3.540 A; which is longer than previous 
examples discussed above, but considering the long arms is a moderate distance.23 
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Figure 1.10. Structure of [Cu2(L20)(Cf3S03)](CF3S03)2. Redrawn from reference 22. 
' 
' 
Meg 
Figure 1.11. The dinuclear copper(II) complex of pyrazolate ligand [L1]". Redrawn from reference 23. 
All of the complexes described above show catechol oxidase activity. However, when one tries to 
establish a structure-function relationship based on the examples described above, the task is difficult 
because these ligands are different from one another, so a comparison of their catalytic properties is difficult 
to make. In addition, when studying these complexes as mimics of the catechol oxidase enzyme, it was 
found that in some cases the mechanism of catechol-to quinone pathway do not follow the mechanism 
identified for the enzyme. 
Scheme I.4 depicts the various reaction pathways for metal complexes that mimic catechol oxidase 
activity. In the case of each pathway, it begins similarly: one molecule of catechol binds to the catalyst and 
is oxidized to one equivalent of a corresponding molecule of qui none in a stoichiometric reaction. This 
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reduces the di copper center from Cu( II) · · · Cu(II) to Cu([) · · · Cu(J). Then, molecular oxygen re-oxidizes 
the dicopper center. The cycle at this point can then branch into four possibilities, paths a-d. What is 
interesting to note is that depending upon which pathway is taken, it determines not only how many 
equivalents of quinone are produced, but also what is needed for the cycle to continue, and the state of the 
catalyst itself. 
DTBQ + 2H20 H202 
DTBC-H2 + 2H+ 2W 
path I 
path II 
Cu11••• Cu11 
Cu1 ••• Cu1 
DTBC-H2 
DTBQ + 2H+ 
path IV 
02 
[ Cu11(02)Cu11) 2-
path Ill 
H202 + 2H+ 
DTBQ + H202 
DTBC-H2 
Scheme 1.4. The proposed reaction pathways of catechol oxidase catalytic cycle that uses dicopper(II) 
complexes. Redrawn from reference 24. 
If the reaction mechanism were to follow path I, it would follow the mechanism of the catechol 
oxidase enzyme. As described above, one equivalent of di-tert-butylcatechol (DTBC) is oxidized to di-tert­
butylquinone (DTBQ), and the copper centers being reduced to their + 1 oxidation state. This is followed 
by the copper core being oxidized by molecular oxygen back to the +2 oxidation state. Then, a second 
catechol molecule is oxidized, producing another equivalent of qui none. This reaction produces the native 
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state of the catalyst, allowing it to begin the cycle over again. This pathway produces two molecules of 
quinone and two molecules of water per cycle. 
Path II begins with one molecule of catechol binding to the catalyst and is oxidized to produce the 
corresponding molecule of quinone, while the catalyst is reduced to the deoxy state. One equivalent of 
molecular oxygen then re-oxidizes the copper center. At this point, the two protons atoms produced from 
the oxidation of the catechol adds to the reaction, producing hydrogen peroxide and the original Cu(II)­
Cu(II) state of the catalyst for the cycle to begin again. This pathway produces one molecule of qui none 
and one molecule of hydrogen peroxide per cycle. 
Path III follows the same path in the beginning, with one molecule of catechol being transformed 
by the catalyst into the quinone. Molecular oxygen then re-oxidizes the copper ions. A second molecule of 
catechol binds and is oxidized to the quinone with the byproduct of a molecule of hydrogen peroxide. What 
is different between path b and path a is that the copper center returns to the deoxy state instead of the native 
met state. This means that instead of beginning the process from the met state, the process continues with 
the molecular oxygen oxidizing the Cu(!) · · · Cu(I) state and continue this "half cycle" as long as the 
reactants are available. This pathway produces two molecules of quinone and one molecule of hydrogen 
peroxide per cycle. 
Another possibility is described by path IV. As hydrogen peroxide is produced according to path 
III, it can compete with oxygen to oxidize the Cu(I) back to Cu(II). This could explain why the accumulation 
of hydrogen peroxide was not observed in some cases - the H202 byproduct being consumed in the catalytic 
process. If path IV were to be taken, one molecule of hydrogen peroxide and the two protons produced 
earlier would result in the original starting state of the catalyst and the byproduct of water. This overall 
pathway can produce two molecules of quinone and two molecules of water. 
1.5. Our approach 
When one tries to correlate the structure and properties of these model complexes with their 
catechol oxidase activities, there are several factors that must be taken into consideration. It is highly 
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debated whether or not the copper-copper distance in the complex controls this functionality. Based upon 
the examples above, which are all known to mimic the function of the enzyme, it is difficult to draw a 
conclusion. The main issue is when comparing each of these complexes, it is not only the copper-copper 
distance that is changing, but the overall structures as well. This can include the bridge and/or entire shape 
of the complex. The flexibility of the coordinating groups may also play a major role in the overall activity 
of the reported complexes. This makes determining what affects the overall rate of activity for these model 
complexes much more difficult. 
To overcome these issues, we designed a series of ligands that have the ability to be fine-tuned in their 
structure, sec Scheme 1.5. The ligands are built around a Narnido-Ophenoxo-Narnido core, having either the C=O 
or N-H regions of the amide group directly attached to the phenyl ring, thus changing the size of the 
metallacycle that would form when the metal binds to the ligand, producing either a six- or a five-member 
ring, respectively. The side-arms of these ligands arc further functionalized with a bis(pyrazolyl)methanc 
donor set. The reaction of these ligands with metallic salts (and specifically with Cu(II) centers), followed 
by the addition of an exogenous anionic bridge will produce neutral complexes. Several regions can be 
modified within these complexes, as depicted in Scheme 1.5. 
'-...../::: OH-, CH,o·-, R-COO • x-, N3 · 
Scheme 1.5. Ligand design. 
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In region I, it is possible to attach various electron withdrawing or electron donating substituents to 
change the electronics of the complex. In region II, it is possible to attach substituents of various sizes, such 
as methyl or t-butyl groups to change the sterics around the active site . Insertion of different exogenous 
bridges within the composition of the complexes (Region III) would allow us to study their influence on 
their catalytic activity . In each case, this will allow for an accurate analysis and comparison to correlate a 
relationship between structure and functionality . These ligands can be further modified by replacing the 
amide group as the donor set with imine or amine groups, while preserving all the regions that could be 
altered as mentioned above . This would allow another comparison between the resulting metal complexes 
- that is how different donor groups ( amido, imino, or amino) would influence their properties .  We describe 
here the synthesis and characterization of the amide-based ligands, their corresponding copper(II) 
complexes, as well as our findings related to their catechol oxidase activity . 
1 8  
References: 
1 .) Nelson, D. L., Cox, M.  M., & Lehninger, A. L. 2008. Lehninger principles of biochemistry. New 
York: W.H. Freeman. 
2 .)  Merkx, M. ;  Kopp, D .  A. ; Sazinsky, M. H . ;  Blazyk, J .  L . ;  Muller, J . ;  Lippard, S .  J .  Angew. Chem. 
Int. Ed. 2001, 40, 2782. 
3.) Friedle, S . ;  Reisner, E.; Lippard, S. J .  Chem. Soc. Rev. 2010, 39, 2768-2779. 
4 .)  Karlin, K. D. Science, 1 993,  261, 70 1 .  
5 . )  Gamez, P . ;  Koval, I .  A. ; Reedijk, J .  Dalton Trans. 2004, 4079. 
6 .)  Solomon, E.  I . ;  Sundaram, U. M.; Machonkin, T. E. Chem. Rev. , 1996, 96, 2563 . 
7 . )  Kaim, W. ;  Rall ,  J .  Angew. Chem., Int. Ed. , 1996, 35, 43 . 
8 .) Guckert, J .  A. ; Lowery, M.  D . ;  Solomon, E. I. J. Am. Chem. Soc. , 1995, 1 1 7, 28 1 7 . 
9 . )  Colman, P. M . ;  Freeman, H. C . ;  Guss, J . M . ;  Murata, M . ;  Norris,  V. A. ; Ramshaw, J .  A. M . ;  
Venkatappa, M .  P. Nature, 1978, 2 72,  3 1 9 .  
1 0. )  Gray, H. B . ;  Malmstrom, B .  G . ;  Williams, R.  J . P. J. Biol. Inorg. Chem. ,  2000, 5, 55 1 .  
1 9  
1 1 .) Reinhammar, B .  in Copper Proteins and Copper Enzymes; Lontie, R. ,  Ed. ;  CRC Press :  Boca 
Raton, FL, 1984; Vol. III; pp 1 .  
1 2 .) Klabunde, T . ;  Eicken, C . ;  Sacchettini, J . C . ;  Krebs, B .  Nat. Struct. Biol . ,  1998, 5, 1 084. 
1 3 .)  Messerschmidt, A.; Rossi, A.; Ladenstein, R.; Huber, R.; Bolognesi, M.; Gatti, G.; Machesini, 
A.; Petruzzelli, R.; Finazzi-Agro, A. J. Mol. Biol . ,  1989, 206, 1 56. 
1 4 .) Wilmanns, M.;  Lappalainen, P . ;  Kelly, M.;  Sauer-Eriksson, E. ;  Saraste, M.  Proc. Natl. Acad. 
Sci. USA, 1995, 92, 1 1 955 .  
1 5 .) Malmstrom, B .  G. Chem. Rev. 1990, 90, 1 247. 
1 6 .) Brown, K. ; Dijnovic-Carugo, K. ;  Haltia, T. ;  Cabrito, I . ;  Saraste, M.;  Moura, J .  J . ;  Moura, I . ;  
Tegoni ,  M.;  Cambillau, C .  J. Biol. Chem. ,  2000, 2 75, 4 1 1 33 .  
1 7 . )  Farrar, J .  A. ; Thomson, A .  J . ;  Cheesman, M.  R. ;  Dooley, D. M . ;  Zumft, W. G. FEBS Lett. 1991, 
294, 1 1 . 
1 8 .)  Koval, I. A. ;  Gamez, P . ;  Belle, C . ;  Selmeczi, K. ;  Reedijk, J .  Chem. Soc. Rev. 2006, 35, 8 14 .  
1 9 .) Smith, S .  J . ;  Noble, C .  J . ;  Palmer, R. C . ;  Hanson, G. R. ; Schenk, G. ; Gahan, L. R. ; Riley, M.  J .  J. 
Biol. Inorg. Chem. 2008, 13,  499 . 
20.) Anekwe, J . ;  Hammerschmidt, A . ;  Rompel ,  A . ;  Krebs, B .  Z. Anorg. Alig. Chem. 2006, 632, 1 057 .  
20 
2 1 .) Koval, I .A. ; Belle, C . ;  Selmeczi, K. ;  Philouze, C . ;  Saint-Aman, E . ;  Schuitema, A. M. ;  Gamez, P . ;  
Pierre, J . ;  Reedijk, J .  J. Biol. Inorg. Chem. 2005, 1 0, 739. 
22.) Selmeczi , K. ,  Reglier, M. ,  Giorgi , M.;  Speier, G. Coord. Chem. Rev. , 2003, 245, 1 9 1 . 
23 . )  Ackermann, J . ;  Meyer, F . ;  Kaifer, E . ;  Pritzkow, H. Chem. Eur. J. 2002, 8, 247. 
24 .) Monzani, E . ;  Quinti, L . ;  Perotti, A . ;  Casella, L . ;  Gullotti , M . ;  Randaccio, L . ;  Geremia, S . ;  
Nardin, G . ;  Faleschini, P. ; Tabbi, G. Inorg. Chem. 1998, 3 7, 5 5 3 .  
2 1 
II. Experimental 
11.1.  General Considerations 
Unless otherwise noted, all operations were carried out in ambient atmosphere. Operations requiring 
inert (nitrogen) atmosphere were carried out using standard Schlenk techniques .  Solvents were dried by 
conventional methods and distilled under a dry Nz atmosphere immediately prior to use. NMR spectra were 
recorded using a 400 MHz Bruker Avance Ff-NMR Spectrometer. Infrared spectroscopy was performed 
on a Nicolet iS 1 0  in a KBr matrix ,  and UV-Vis spectroscopic investigations were done on a Cary 1 00 
Agilent Spectrophotometer. All other reagents used in the syntheses described below are commercially 
available (Sigma-Aldrich, Acros) and used without further purification . 
Caution! Although we encountered no problems during our experimental procedures, transition metal 
perchlorate complexes are potentially explosive and must be handled with care. 
11.2.1. Synthesis of bis(pyrazolyl)acetic acid, HOOC-CH(pz)2 (1) .  
+ Cl , 1 
I 
'OH excess O�' N THF, reflux 1 5  hours 
Cl 
0 OH 
CZXl:) 
(1) 
This compound was prepared by following a published procedure. 1 Into a three-necked, two-liter 
flask, equipped with an overhead mechanical stirrer and a reflux condenser, pyrazole (48 .0 g, 0.705 mol) ,  
KOH (52 .0  g ,  0 .927 mol) ,  KzC03 ( 1 25 g ,  0.904 mol) ,  benzyltriethylammonium chloride (6.0 g ,  0.026 mol) ,  
and 1 . 3 L of THF were added. To this suspension, dichloroacetic acid (30.0 g, 0.233 mol) was carefully 
added, and the third neck was stoppered. The system was heated at gentle reflux with vigorous stirring 
overnight and then allowed to cool to room temperature. The THF was removed in vacuo, and the remaining 
solid dried in vacuo overnight. One liter of water was added to give a slightly cloudy, pale yellow solution . 
The solution was acidified to pH 7 by careful addition of concentration HCl and then washed with diethyl 
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ether (3 x 200 mL) to remove unreacted pyrazole. The aqueous phase was then further acidified to pH 1 .  
Upon brief agitation of this solution, 20.3  g of the pure desired product precipitated over approximately 30 
min.  and was collected by suction filtration as a white crystalline solid. The remaining aqueous filtrate was 
extracted with a 2 .5 :  1 diethyl ether:THF mixture (6 x 350 mL). The combined organic extracts were dried 
over MgSQ4, and the solvent removed by rotary evaporation to yield a further 14 .9 g of the crude product .  
Recrystallization of the crude material from a minimum amount of boiling acetone a total of 30.7 g (69 %) 
of pure product. 1H-NMR (400 MHz, Acetone-d6) : 8 7 .99 (dd, J = 2.48 Hz, 2H, 5-pz), 7.57 (d, J = 1 .48 Hz, 
2H, 3-pz), 7 .48 (s ,  l H, -CH(pz)z) , 6.35 (t, J = 2.28 Hz, 2H, 4-pz) . 
11.2.2. Synthesis of bis(pyrazolyl)ethanamine, H2N-CH2-CH(pzh (2). 
ethanol 
reflux, 4 hours 
m .X .. X. 0 N 0 pyrazole pTsOH, N2 
l _ 200-220°C, 4 hours 
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This compound was prepared by following a published procedure.2 a) 2-(2,2-dimethoxyethyl)-
benzo[d,e]isoquinoline-1,3-dione (A). 1 ,8-napthalic anhydride ( 1 9 .82 g, 0. 1 0  mol) and 1 -
aminoacetaldehyde dimethylacetal ( 1 2 .49 g, 0. 1 2  mol) were heated at reflux in ethanol (250 mL) for 4 h. 
The solution was allowed to cool to room temperature, whereupon the desired compound deposited as a 
crystalline solid. The solvent was removed via rotary evaporation and the solid was dried under vacuum to 
yield 27.75 g (0.097 mol ,  97 .3%) .  1 H  NMR (300 MHz, CDCh) 8 :  8 .6 1 (dd, J = 7.2 Hz, 2H, napth .) ,  8 .22 
(dd, J = 8 .7  Hz, 2H, napth.) ,  7 .76 (dd, J = 8 .7 ,  7 .2 ,  1 Hz, 2H, napth.) ,  4 .92 (t, J = 7 Hz, 2H, CH(OMe)2), 
4.40 (d, J = 7 Hz, 4H, N-CH2) , 3 .42 (s ,  1 2H, OCH3) .  b) 2-(2,2-dipyrazol-1-yl-ethyl)-
benzo[d,e]isoquinoline-1,3-dione (B).  A mixture of A (27 .75 g, 0.097 mol) ,  pyrazole ( 1 9 .86 g, 0.292 mol) 
and p-toluenesulfonic acid monohydrate ( 400 mg) was heated for 4 h at 200-220°C under nitrogen in a short 
path distillation apparatus (to collect methanol) . After cooling to room temperature, the solid was dissolved 
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in CH2Ch and rinsed with 1 000 mL of concentrated aqueous potassium carbonate solution followed by 
1 000 mL of water to remove excess pyrazole.  The organic fraction was dried over sodium sulfate and the 
solvent was removed by rotary evaporation . The remaining solid was dried under vacuum to yield 3 1 .35 g 
(90.5%) of product. 1 H NMR (300 MHz, CDCh) C> :  8 .54 ( dd, J = 7 .2,  I Hz, 2H napth) , 8 . 1 9  ( dd, J = 8 . 1 ,  1 
Hz, 2H, napth) , 7 .83  (d, J = 2 Hz, 2H, 5-pz) , 7 .72 (dd, J = 8 . 1 ,  7 .2  Hz, 2H, napth), 7 .47 (d, J = I  Hz, 2H, 3-
pz),  7 . 1 4  (t ,  J = 7 .2 Hz, l H, CH(pz)2), 6.26 (dd, J = 2, 1 Hz, 2H, 4-pz) , 5 .29 (d, J = 7 .2 ,  4H, N-CH2) . c) 2,2-
Di-pyrazol-1-yl-ethanamine (2). Compound B (40.0 g, 0. 1 1 2 mol) was suspended in warm toluene (250 
mL). Hydrazine monohydrate (40 mL, 0.825 mol) was added, and the mixture was heated to reflux 
overnight . After cooling to room temperature, the toluene and excess hydrazine were removed by rotary 
evaporation and the solid dried under vacuum. The solid was rinsed with two I 00 mL portions of H10 to 
extract the desired amine . The water was removed via rotary evaporation to yield the product as an oily 
brown solid ( 1 2.0 g, 60.5%) .  1H NMR (300 MHz, CDCh) C>:  7 .60 (d, J = 2 Hz, 2H, 5-pz) , 7 .58  (d, J = I  Hz, 
2H, 3-pz) , 6 .37 (t, J = 7 Hz, I H, CH(pz)2, 6 .30 (dd, J = 2, I Hz, 2H, 4-pz) , 3 .78 (d, J = 7 Hz, 2H, N-CH2) . 
11.2.3. Synthesis of dimethyl-2-hydroxy-4,6-dimethylisophthalate, Me2-C6H(OH)-(COOMeh (3). 
yy NaOMe 
0 0 methanol 
0 
OH 
(3) 
0 
This compound was prepared by following a published procedure.3 To a solution of NaOMe ( 1 1  
.32 g, 2 1 0  mmol) in MeOH ( 1 20 ml), pentane-2,4-dione (20.6 ml, 200 mmol) and dimethyl 3-
oxopentanedioate (29 .0 ml, 200 mmol) were added, and the resulting homogeneous mixture allowed to  stir 
at room temperature for 24 hours . After dilution with H10 (200 ml), the mixture was acidified with 6 M 
HCl (60 ml) then extracted with dichlormethane (3 x 1 00 mL). The combined organic phases were dried 
over anhydrous Na2S04. The solvent was removed under vacuum and the residue recrystallized from a 
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dichloromethane/hexanes mixture, producing the desired product; yield: 3 7 .9 g (79%) .  1 H-NMR ( 400 MHz, 
CDCh) : C> 1 1 . 8 1  (s, l H, -OH), 6 .60 (s, l H, CJl), 3 .96 (s, 6H, C6H(CH3)z), 2 .4 1 (s, 6H, -O-CH3) .  
11.2.4. Synthesis of 2-hydroxy-4,6-dimethylisophthalic acid, Me2-CJl(OH)-(COOH)2 (4). 
1 .) KOH 
0 reflux, 20 hours 0 
2.) HCI /0 OH o, OH OH OH 
(3) (4) 
This compound was prepared by following a published procedure. 3 A 250 mL flask was charged with a 
stir bar, potassium hydroxide (3 .8  g, 68 mmol) and 1 00 mL of water. Once dissolved, Me2-
C6H(OH)(COOMe)z (3) (4 .3 g, 1 8  mmol) was added and allowed to reflux overnight. The solution was 
allowed to cool and the pH was lowered to 1 .0 by use of hydrochloric acid, producing a white precipitate . 
This mixture was then filtered and washed multiple times with water until the pH had risen to 7 .0 .  The 
product was allowed to dry in air to obtain the title compound (2 .45 g, 64.8  %) .  1H-NMR (400 MHz, 
DMSO) : () 6.66 (s, l H, CJl), 2 .35 (s, 6H, C6H(CH3)2) . 
11.2.5. Synthesis of But·CJl2(0Me)-[NH-C(O)-CH(pz)2]2 (5). 
HOOC-CH(pz):z 
DCC 
H2N NH2 
THF, 4 hours 
OMe 
00 N N H 
N 0 OMe 
(5) 
�o 
N N 
H 
N 0 
A 250 mL flask was charged with a stirring bar, bis(pyrazolyl)acetic acid (1)  (2. 1 1 4  g, 1 1  mmol) and 40 
mL tetrahydrofuran. To this solution, 4-tert-butyl-2,6-diaminoanisole (0.97 1 g, 5 mmol) was added as a 
solid and kept under stirring until complete dissolution . Then, dicyclohexylcarbodiimide (DCC, 2 .270 g, 
1 1  mmol) was added as a solid. The resulting solution became clouded and kept under stirring for four 
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hours . The formed urea was removed by filtration and volatiles removed under vacuum. The residue was 
taken in ethyl acetate and the organic layer was washed with dilute hydrochloric acid (4 mL cone. HCl in 
I SO mL water) dilute sodium bicarbonate aqueous solution ( 1  g NaHC03 in 1 50 mL water) and then 
distilled water (2 x 1 50 mL). The organic phase was then dried using sodium sulfate and the solvent reduced 
to about half its volume. Petroleum ether (20 mL) was added to precipitate out the desired product. The 
solid was then purified by taking the crude product in a mixture of ethyl acetate and petroleum ether ( 1 : 3  
v/v) to  dissolve impurities to  afford the desired product a s  a white solid ( 1 .97 g, 72.6 %) .  1H-NMR (400 
MHz, CDCh) : 8 9 .45 (s , 2H, -C(O)-NH-) , 8 . 1 9  ( s , 2H,-CH(pz)2 ) ,  7 .76 (d, J = 2.36 Hz, 4H, 3-pz) , 7 .7 1 (d, 
J = I .68 Hz, 4H, 5-pz) , 7 .09 ( s , 2H, C6H2) ,  6 .40 (t, J = 2.04 Hz, 4H, 4-pz) , 3 .55  (s, 3H, -OCH3),  1 .28 (s, 9H, 
11.2.6. Synthesis of Bu1-C6H2(0H)-[NH-C(O)-CH(pzhh (H3LN84Pz). 
Oyl N N 
H 
N 0 OMe (5) 
3y0 N N 
H 
N 0 
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A 500 mL Schlenk flask was charged with a stir bar, Bu1-C6H2(0Me)-[NH-C(O)-CH(pz)2h (H3LN84Pz) 
( 1 .9378 g, 4 mmol) then filled with nitrogen gas . Distilled dichloromethane (300 mL) was added . A dry 
ice-isopropyl alcohol bath was prepared and used to cool the reaction mixture to -78° .  Then, boron 
tribromide (6 .263 g, 25 mmol) was added dropwise.  This mixture was allowed to stir overnight. The 
reaction was quenched with water (20 mL) . The solid formed was dissolved in dichloromethane. The 
solvent was removed under vacuum producing the crude product. This crude product was purified by taking 
the solid in a mixture of acetone and hexanes ( 1  :3 v/v) to dissolve impurities to afford the desired product 
as a white solid ( 1.609 g, 85%) .  1H-NMR (400 MHz, CDCh) : 9 .78  (2, 2H, -C(O)-NH-), 7 .76 (d, J = 2.4 Hz, 
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4,3-pz) ,  7 .70 (d, J = 1 .68 Hz, 4H, 4-pz) , 7 .56 (s ,  2H, -CH(pz)z), 7 . 1 4  (s ,  2H, Cd/2) , 6 .39 (t, J = 2. 1 6  Hz, 4H, 
4-pz) , 1 .26 (s, 9H, Bu') . 
11.2.7. Synthesis of Me2-C6H(OH)-[C(O)-NH-CH2-CH(pzhh (H3Lco4Pz). 
OH OH OH 
H2N-CH2·CH{pz)2 
P{OPh)a 
pyrid ine, 1 00°c 
N H  O H  HN 
cz11:> czl1:> 
A 1 00 mL round bottom flask was charged with a stir bar and Me2C6H(OH)(COOH)z (4) ( 1 .05 1 g, 5 
mmol) .  1 0  mL of pyridine was added and allowed to stir for ten minutes .  In a beaker, a solution containing 
H1N-CH2-CH(pz)z (2) ( l .772 g, 1 0  mmol) and 1 5  mL of pyridine was prepared. This solution was then 
added dropwise to the flask and a gentle heat was applied for forty-five minutes .  To this solution, triphenyl 
phosphite (3 . 1 0  g, 10 mmol) was added and allowed to reflux overnight. The flask was allowed to cool to 
room temperature and the solvent removed under vacuum. The resulting residue was dissolved in 1 50 mL 
of chloroform and washed with water and ammonium chloride (3 x 1 50 mL). The solvent was then removed 
under vacuum, producing an oil . Trituration with hexanes produced the desired pure compound as a white 
powder ( 1 .2 g, 45 .5%) .  1H-NMR (400 MHz, DMSO) : o 9.54 (s ,  l H, -OH), 8 .42 (t, J = 5 .44 Hz, 2H, C(O)-
NH-), 8 .02 (d, J = 2. 1 6  Hz, 4H, 3-pz), 7 .53  (d, J = 1 .32 Hz, 4H, 5-pz) , 6 .90 (t, J = 7 .32 Hz, 2H, -CH(pz)z), 
6.43 (s,  l H, C6H) , 6 .3 1 (t, J = 2. 1 2  Hz, 4H, 4-pz) , 4 .28 (t, J = 6.68 Hz, 4H, -NH-CH2-), 1 . 84 (s,  6H, 
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11.2.8. Synthesis of LN84PzCu2(0Ac). 
00 N N H 
N 0 OH H3LNH4pz 
�o 
N N 
H 
N 0 
KOH 
Cu(CI04)2 6H20 H H 
NaOAc 
methanol, 1 hr. 
A 1 00 mL flask was charged with a stirring bar, H3LN84Pz (0. 1 06 g, 0.2 mmol) and 30 mL methanol . 
To this suspension was added 1 mL of a methanolic KOH 0.6 M solution (0.6 mmol) .  The solution became 
clear, and was stirred for 1 5  minutes, then Cu(Cl04)2· 6H20 (0. 1 48 g, 0.4 mmol) in 5 mL methanol was 
added drop wise followed by NaOAc (0.0 1 64 g, 0.2 mmol) .  The solution turned green and was kept stirring 
with gentle heating for one hour. Then the volatiles were removed under vacuum, and the residue was 
extracted with DCM, to afford the desired compound (0.08 1 g, 56.6%) as a green powder. 1H-NMR (400 
MHz, CDCb) : 8 20.99 (br, 8H, 3 ,5-pz), 1 8 .34 (br, 2H, -C(O)-CH-), 1 6 . 1 3  (br, 3H, -O-CH3) ,  1 5 .54 (br, 4H, 
4-pz), 9 .87 (br, 2H, C6H), 0. 8 1  (br, 9H, Bu1) . 
11.2.9. Synthesis of LN84PzCu2(iso-leu) .  
KOH 
Cu(CI0.,)2 6H20 
(H-iso-leu) 
A 1 00 mL flask was charged with a stirring bar, H3LN84Pz (0. 1 06 g, 0.2 mmol) and 30 mL methanol . 
To this suspension was added 1 mL of a methanolic KOH 0.6 M solution . The solution became clear, and 
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was let under stirring for 1 5  minutes .  Cu(Cl04)2· 6 H20 (0. 1 48 g, 0.4 mmol) in 5 mL methanol was added 
dropwise, followed by a solution prepared from H-iso-leu (0.077g, 0.2  mmol) and 0 .33 mL of a methanolic 
KOH 0.6 M solution (0.0 1 l g, 0.2 mmol) . The resulting solution was allowed to stir for thirty minutes before 
the solvent was removed under vacuum. The solids were taken in dichloromethane, and the resulting 
suspension was filtered to remove the inorganic salts .  The final product was isolated by removal of the 
solvent as a green powder (0. 1 20 g, 62.4 %). 1 H-NMR (400 MHz, CDCh) : 8 23 .44 (br, 4H, f), 1 9 . 1 2  (br, 
2H, o), 1 8 .33 (br, 4H, d) , 16 .74 (br, 2H, c),  1 3 .99 (br, 2H, b) , 9 .77 (br, 2H, e) , 8 .62 (br, 2h, 1), 8 .08 (br, 2H, 
n) , 7 .79 (br, 2H, m), 1 .35 (br, 2H, j), 0.76 (br, 9H, a) ,  0.44 (br, 3H, i), 0.40 (br, lH, h) , 0. 1 3 , (br, 3H, k) , -
1 2 .3 1 (br, 1 H, g) . 
11.2.10. Synthesis of Lco4PzCu2(0H). 
NaH 
Cu(CI04)2 6H20 
NaOAc 
THF, N2, 1 hr. 
In a 250 mL Schlenk round bottom flask fitted with a stir bar, H3L co4pz (0.2 1 2  g, 4 mmol)  was added 
and charged with nitrogen gas . To this, 1 50 mL of distilled THF was added. This  was allowed to stir with 
gentle heating until a clear solution was obtained. A second 250 mL Schlenk round bottom flask that 
contained sodium hydride (0.040 g, 1 .7 mmol) was filled with nitrogen gas and 75 mL of distilled THF. 
This suspension was then added via cannula to the flask containing H3Lc04Pz. Cu(CJ04)2· 6 H20 (0.296 g, 
0 .8 mmol) was added to a third Schlenk round bottom flask and then charged with nitrogen gas before 
adding 50 mL distilled THF. Using a cannula, the initial flask was filtered into the flask containing the 
copper solution . NaOAc (0.0 1 64 g, 0 .2 mmol) was added to a Schlenk round bottom flask and dissolved in 
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1 5  mL THF before being added to the initial flask. This solution was then allowed to stir for one hour before 
removing the solvent and a dark green precipitate was recovered as the final product (0.267 g, 99.3 % ) .  
11.2.11 .  Synthesis of Lc04PzCu2(0Me). 
KOH 
Cu{CI04)2 6H20 
NaOAc 
methanol, 1 hr. 
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In a 1 00 mL round bottom flask charged with a stir bar, H3L co4pz (0. 1 06 g, 0.2 mmol) was added along 
with 1 0  mL methanol . This was allowed to stir for 5 minutes before adding 1 mL of a methanolic KOH 0.6 
M solution (3 eq. 0.6 mmol) .  Once everything was dissolved, Cu(Cl04)2 · 6 H20 (0. 148  g, 0.4 mmol) in 20 
mL was added drop-wise then allowed to stir for 30 minutes .  The suspension was filtered to give the final 
product as a green powder (0.044 g, 32 . 1 % ) .  
11.3. Crystallographic Studies 
The X-ray data were collected at 1 00 K on a Bruker SMART APEXII CCD diffractomer equipped with 
Cu-Ka radiation . Intensities were collected using phi and omega scans and were corrected for Lorentz 
polarizatrion and absorption effects . The X-SEED software platform,4 equipped with SHELXS and SHELXL 
modules on a PC computer,5 was used for all structure solution and refinement calculations and molecular 
graphics .  The structure was solved by direct methods, and refined by anisotropic full-matrix least-squares 
for all non-hydrogen atoms . All hydrogen atoms were placed in calculated positions and refined using a 
riding model with fixed thermal parameters .  
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11.4. Catechol Oxidase studies 
Catechol oxidase activity was investigated at 25 ° C by time-dependent UVNis spectroscopy. 3 ,5-Di­
tertbutylcatechol (2 .5 ,  5, 7 .5 ,  1 0, 1 5 ,  20, 25, 30, 50, 75, 1 00 or 1 25 equivalents) dissolved in methanol was 
added to a sample ( 1  mL) of 1 . 25 · 1 0-4 M solution of complex in methanol . The final sample volume was 
kept constant at 2.5 mL and, accordingly, the final concentration of the metal complex was 5 · 1 0-5 M.  
During the first 1 50 seconds of  the reaction, the development of  the absorption band at 400 nm was 
monitored every 3 seconds. The average initial rates over three independent measurements were used in 
data treatment. 
To investigate the rate dependence on complex concentration, a similar experiment was performed, by 
keeping the final amount of 3 ,5-di-tertbutylcatechol constant (4 . 1 4  · 1 0-3 M) and adding increasing amounts 
(0.002, 0.003, 0.004, 0.005 , 0.006, 0.007, 0.008, 0.009, 0 .0 1 ,  0.0 1 1 ,  0.0 1 2  equivalents) of catalyst. 
3 1  
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III. Results and Discussion 
111.1. Ligand Design and Synthesis 
In the design of our new ligands, we chose a phenol to be the main "body" of the ligand, since this group 
is known to act as a bridge between two metallic centers . 1 -4 We used the bis(pyrazolyl)methane group as 
the donor set (-C(pz)2, pz = pyrazolyl ring) , since this group is known for its coordination abilities,5 ·6 and 
an amide moiety as a linker between the -C(pz)2 regions and the body of the ligand .  Our choice for the 
amide group stems from several reasons .  First, the -NHC(O)- linkage is rigid and robust, as demonstrated 
by the protein architectures capable of performing complex tasks in biological systems . Second, the amide 
group has both hydrogen-bond accepting and donating properties ,  thus providing the possibility of supra-
molecular association of the resulting metal complexes .  Finally, this group can bind to metallic centers via 
the oxygen atom in the case of neutral amides, or via the nitrogen atom in the case of deprotonated amides .7·8 
The reaction of these ligands with copper(II) ions should produce complexes having the structural 
characteristics described in Figure III. I .  The synthesis of the ligands is described in Schemes III. 1 .  and 
III .2 .  The H3L Ntt4pz ligand was prepared by the dicyclohexylcarbomiide (DCC) assisted reaction between 
the bis(pyrazolyl)methane acetic acid and 4-tert-butyl-2,6-diaminoanisole, followed by the demethylation 
of the Ph-OMe group, using BBr3 as reagent. This ligand is designated as H3L Ntt4pz because the NH region 
of the amide is directly bonded to the phenyl ring, offering a total of four pyrazolyl rings . 
The foL co4pz ligand was prepared by the P(OPhh assisted reaction between the bis(pyrazolyl)ethan-
amine and 2-hydroxy-4,6-dimethylisophthalic acid.  This ligand is designated as H3Lco4pz because the CO 
region of the amide is directly bonded to the phenyl ring, offering a total of four pyrazolyl rings . 
'-/ . ow' CH,o--' R-Coo - '  x - .  N, 
Figure 111.1.  Structural description of our target copper complexes . 
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Scheme 111.1. H3L NH4pz synthesis .  
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Scheme 111.2. L co4pz synthesis.  
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The 1 H-NMR spectra of the H3LNH4pz and H3Lco4pz ligands are presented in Figures 111 .2 .  and 111.3 . ,  
respectively, and they show the expected proton resonances for the structures o f  the ligands .  Their IR 
spectra are also in agreement with their structural data. In particular, the VNH and Vco stretching vibrations 
appear at 3208 cm-1  and 1 688 cm- 1 in the case of H3LNH4pz and at 3 1 1 1  cm- 1  and 1 648 cm- 1  in the case of 
111.2. Synthesis of Metal Complexes and their Characterization 
III.2.1. General Aspects 
In order to prepare the copper complexes, the following strategy was applied: the ligand was suspended 
in methanol and deprotonated by the addition of three equivalents of base, followed by the addition of two 
equivalents of Cu(Cl04)2 · 6 H20. The last step consisted in the addition of the exogenous bridge . 
In the case of the L NH4pz - copper(II) complexes the syntheses were successful in the sense that we 
succeeded to selectively introduce the desired exogenous bridge, as it can be seen in Scheme 111 .3 .  One 
bridge is the acetate anion, and the other is the iso-leucine acid with the amine group replaced by a 
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naphthalimide group. The two prepared copper(II) complexes are designated LNH4PzCu2(0Ac) and 
LNH4PzCu2(iso-leu). 
l 
I 
- -'- - - 1 l 
i i .. .. 
Figure 111.2. The 1H-NMR spectrum of the H3LNH4pz ligand. 
a . 
1 1  J_ 
i 
Figure 111 .3. The 1H-NMR spectrum of the H3Lrn4pz ligand. 
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In the case of the Lc04Pz - copper(II) complexes ( see Scheme III.4 . ) ,  it appears that the presence of a 
six membered cycle i s  incompatible with an exogenous bridge having more than one donor atom as a bridge. 
When we attempted to introduce the acetate ion as a bridge using methanol as the solvent, we observed the 
formation of the methoxy derivative, presumably because of the following equil ibrium: NaOAc + MeOH 
= HOAc + MeONa. When we tried the same reaction in dry THF using NaH as a base, we obtained the 
hydroxo bridged complex, with the Off presumably originating from the water molecules of 
crystallization from the Cu(Cl0--1h · 6 H20 starting material . These complexes are designated as 
L cocu2(0Me) and L cocu2(0H), respectively; while we have characterized both these copper complexes in 
solid state, other characterization methods were performed only on the hydroxide bridged complex . 
Scheme 111.3. L NH4pz - copper(II) complex syntheses .  
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Scheme 111.4. U04Pz - copper( II) complex syntheses.  
Ill.2.2. UV- Vis Spectroscopy 
The three UV-Vis spectra of the compounds are pictured in Figure Ill.4. The overlapping spectra 
give a c lear indication of how similar these three complexes are to one another. LNH4pzCu2(0Ac) and 
L NH4pzCu2(iso-leu) complexes have simi lar peaks and shoulders at almost the same wavelengths .  The 
spectrum for L co4pzCu2(0H) is relatively similar to the other two complex spectra, but the it is s l ightly 
shifted, indicating a difference in transition energies originating from structural differences. Figures 111 .5.  
- 111.7 .  show the individual spectra for each complex recorded between 200 and 900 nm; the insets show 
the absorbance around 600 nm originating from the d-d transitions . Table 111. 1 .  is a compilation of the UV-
Vis data for all three complexes; it contains the absorption values with their corresponding £ values, as well 
as an assignment of these absorptions .  As it can be seen, there are d-d transitions, ligand to charge metal 
transfer, and n-:n:* & :n: - :n:* assignments for each complex; this denotes a similarity between the complexes 
in their overall structure and properties. 
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Figure 111.4. UV-Vis spectrum of all complexes; blue: LNH4pzCu2(iso-leu), green: LNH4PzCu2(0Ac), 
red: L co4pzCu2(0H). 
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Figure 111.5. UV-Vis spectrum of L NH4pzCu2(0Ac). The inset highlights the d-d transition at 654 nm. 
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Figure 111.6. UV-Vis spectrum ofL NH4pzCu2(iso-leu). The inset highlights the d-d transition at 667 nm. 
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Figure 111.7. UV-Vis spectrum of Lco4PzCu2(0H). The inset highlights the d-d transition at 596 nm. 
39 
Table 111.1. UV-Vis data of the prepared dicopper complexes .  
Absorption Compound Amax I nm (£ I M- 1cm- 1 )  Assignment 
L NH4pzCu2(0Ac) 
L NH4pzCu2(iso-leu) 
L eo4PzCu2(0H) 
111.2.3. Infrared Spectroscopy 
2 1 8  (29,895) 
25 1 (sh) ( 1 9,895) 
330 (8,576) 
445 ( 1 73 )  
654 ( 1 93) 
2 1 4  (49,363) 
232 (59,452) 
253 (sh) (23,3 1 0) 
333 ( 1 9,589) 
443 ( 1 83) 
667 ( 1 94) 
2 1 3  (30,462) 
223 (sh) (27, 1 1 7) 
259 (sh) ( 1 0,850) 
3 1 8  (5 ,237) 
343 (sh) (2, 1 2 1 )  
596 ( 1 66) 
n - rr* 
rr - rr* 
LMCT 
d - d  
n - rr* 
rr - rr* 
LMCT 
d - d  
n - rr* 
rr - rr* 
LMCT 
d - d  
The IR spectra of the copper complexes, recoded in KBr matrix clearly show the coordination of the 
deprotonated amide group to the copper(II) centers. In both cases, the NH stretching vibrations disappear 
and the coordination of the Namido atom to the Cu2+ ions is indicated by the shift of the CO stretching 
vibration to lower wavenumbers, as it can be inferred from Table III.2. 
Table 111.2. IR data of the various dicopper complexes. 
Compound v (cm-1) Assi!mment 
H3LNH4pz 3208 Stretching YNH 1 688 Stretching Yeo 
H3Leo4Pz 3 1 1 1  Stretching YNH 1 648 Stretching Yeo 
LNH4pzCu2(0Ac) - Stretching YNH 1 622 Stretching Yeo 
L NH4pzCu2(iso-leu) - Stretching YNH 1 620 Stretching Yeo 
L co4pzCu2(0H) - Stretching YNH 1 570 Stretching Yeo 
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H3LNH4pz 
LNH4PzCu2(0Ac) 
ll\'c0:  66 cm·1 
Figu re 1 1 1 .8. IR spectrum of H , L  :--:1 1-iPz ( red ) and L :--: 1 14PzCu:(0Ae) ( blue ) highlighting the differences 
between the free l i gand and its dieoppcr complex. 
A\'c0: 68 c m·1 
H1LNH4pz 
L NH4PzCu2(iso-leu) 
Figure I J  1 .9. I R  spectrum of H ,L  >:H4pz ( red)  and L >:H4pz(u:( i so-Jeu) ( blue)  h ighl ighting the d i fferences 
between the free l igand and its d icoppcr complex. 
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l1Vc0: 78 cm-1 
H3Lco4pz 
L co4pzc u2(0H) 
Figure III.JO. IR spectrum of H:;Lc04Pz (red) and Lco4PzCu2(0H) (blue) highlighting the differences 
between the free ligand and its dicopper complex. 
l/1.2.4. 1 H-NMR Characterization 
The NMR spectra of our copper(II) complexes are presented in Figures III. I I - III. 1 3 .  They are all 
paramagnetically shifted, as expected because of the presence of the paramagnetic d9 Cu2+ ions. In the case 
of the L NH4Pz - copper complexes, assignment of the peaks was possible, and they are listed in the Figures. 
Unfortunately, in the case of the V:-04PzCu2(0H) complex, no clear peaks appear in the spectrum, making 
any attempt to assign peaks futile. This different NMR behavior suggest dj fferent coupling between the 
copper(ll) centers. In the case of the LNH4Pz-based complexes it is possible that the copper ions 
communicate better, presumably because the NH region of the amide link is directly bonded to the central 
arene ring, thus forming a five-membered metallacycle. In the case of the L co4pzCu2(0H) complex, the 
six-membered metallacycle leads to a different communication pathway, producing very broad peaks in the 
NMR spectrum. 
42 
! 
!! 
3.5-H pz 0-C-CH, 
-CH(pzh -
. 
4-H /JZ 
_A_ _ __...__ 
15 10 
Figure lll.1 1 .  1 H-NMR spectrum of LN1-14pzCu2(0Ac). 
I 
.. 10 
Figure 111 . 12 .  1 H-NMR spectrum ofLN1-14pzeu2(iso-leu). 
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Figure 111.13. 1H-NMR spectrum of Lco4PzCu2(0H). 
IIL2.5. Solid State Characterization 
In order to definitely determine the structures of our prepared compounds, we used X-ray 
crystallography to identify the structural characteristics of our complexes. Single crystals were grown using 
layering or vapor diffusion methods. Figures III. 1 4. - III. 1 6. depicts the structures of our complexes and 
Tables IV. I . - IV.4 in appendix B. show the bond lengths and angles that relate to the copper ions. 
In the case of five coordinate compounds there are two possible ideal geometries: square pyramidal and 
trigonal bipyramidal. In the following paragraphs describing the crystallographic data, the degree of 
distortion of each molecule from the ideal case is quantified using the parameter r5, which is calculated by 
dividing the difference between the two largest angles by 60; a trigonal bipyramidal structure would 
produce a value of 1 .00 (( 1 80- 1 20)/60), while a square pyramidal structure would produce a value of 0.00 
(( 1 80-1 80)/60). The deviation from these ideal values determines the degree of distortion on each molecule. 
These calculated values can be found in Table 111 .3 .  
The crystal structure ofL NHCu2(0Ac) is shown in Figure III. 1 4. and the selected bond lengths and angles 
given in Table IV. I .  in appendix B. The crystal structure reveals that there are two independent molecules 
per asymmetric unit. In the first molecule (Figure 111 . 1 4.a), each copper ion is five coordinate, and bound 
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to one oxygen atom from the phenolate bridge and two nitrogen atoms, one from the deprotonated amide 
group and one from the pyrazolyl ring. The remaining coordination sites of the Cu I ion are occupied by 
one oxygen atom from an exogenous acetate bridge and one methanol molecule. The second pyrazolyl ring 
of the bis(pyrazolyl)methane ligand is not in copper coordination, its nitrogen atom (N l 4) being involved 
in a hydrogen bond with the hydrogen atom of methanol molecule bound to Cu I .  In the case of the Cu3 
ion, one of the remaining coordinate sites is occupied by the other oxygen atom from the acetate bridge, 
and the fifth position is taken by the nitrogen atom (N20) situated on the second pyrazolyl ring of the 
bis(pyrazolyl)methane l igand, forming a rather elongated bond with the copper center. 
The geometry around both copper ions can be described as square pyramidal , with the T5 parameters 
having the values of 0.059 and 0.064, respectively. In the case of Cu I the square plane is defined by N l  1 ,  
N 1 6,  09, and 06 atoms, while in the case of Cu3 the square plane is defined by N I 2, N l 7, 06, and 0 1 0  
atoms .  The Cu l · · · Cu3 distance i s  3 .5 1 9  A and the corresponding C u  1 -06-Cu3 bond angle i s  1 34.46°. The 
copper-donor atoms distances are similar, with a mean value of 2 .01 22 A for Cu 1 and 2 .0856 A for Cu3 . 
The second independent molecule of L NHCu2(0Ac) (Figure III. 1 4.b) differs because there is no molecule 
of methanol bound to either copper ion and instead each copper ion is bound by all pyrazolyl rings of the 
bis(pyrazolyl) methane.  Both Cu2 ( T5 = 0.3 1 9) and Cu4 ( T5 = 0.204) are situated in a distorted square 
pyramidal geometry . The square plane of Cu2 is defined by N2, N I O, 0 I ,  and 04 atoms, with the fifth 
coordinating position bonded to N8. The square plane of Cu4 is defined by N I , N6, 0 1 ,  and 05 atoms, with 
the fifth coordinating position bound to N4. The copper-donor atom distances are similar with a mean 
distance of 2 .0334 A for Cu2 and 2.0444 A for Cu4. The Cu2 · · · Cu4 distance is 3 . 507 A and with a Cu2-
0 1 -Cu4 bond angle of 1 32 .83°. 
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a b 
Figure 111.1 4. Molecular structure of LNH4pzCu2(0Ac ).  
The crystal structure of LNHCu2( iso-leu) is  shown in Figure III . 1 5 . and selected bond lengths and angles 
are given in Table IV.2. in appendix B. The crystal structure reveals that there are two independent 
molecules per asymmetric unit. In the first molecule (Figure III. 1 5 .a), each copper ion is five coordinate, 
and bound to one oxygen atom from a phenolate bridge and three nitrogen atoms, one from the deprotonated 
amide group and two from each of the pyrazolyl rings of the bis(pyrazolyl)methane ligand with the nitrogen 
atoms (N5A for Cu2A and N I  I A  for Cu l A) forming a rather elongated bond with each of the copper ions. 
The remaining coordination site of each copper ion is occupied by one oxygen atom from the iso-leucine 
group that has the amine group protected by a naphthalimide group. In this instance, the naphthalimide 
group is perpendicular to the plane of the complex. 
The geometry around both copper ions can be described as distorted square pyramidal, with the rs 
parameters having values of 0. 1 83 for Cu 1 A and 0. 1 23 for Cu2A. In the case of Cu I A, the square plane is 
defined by N 1 A, N7 A, 0 IA,  and 02A atoms; while in the case of Cu2A, the square plane is defined by 
N2 1 ,  N9A, O J A, 03A atoms. The Cu l A  · · ·  Cu2A distance is 3 .538 A and the corresponding Cu l A - O J A  
- Cu2A bond angle is 1 36.23°. The copper-donor atoms distances are similar, with a mean value of 2 . 1 1 04 
A for C u l  A and 2 . 1 04 A for Cu2A. 
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The second molecule of LNHCu2(iso-leu) (Figure 111 . 1 5 .b) differs because the naphthalimide group is 
instead in the same plane as the complex. Both Cu I B ( r5 = 0. 1 7 1 )  and Cu2B ( r5 = 0.290) are situated in a 
distorted square pyramidal geometry. The square plane of Cu I B is defined by N I B,  N6B, 01 B, and 03B 
atoms, with the fifth coordinating position bound to N4B. The square plane of Cu2B is defined by N2B, 
N 1 1  B, 0 I B, and 028 atoms, with the fifth coordinating position bound to N98. The copper-donor atom 
distances are similar with a mean value of 2 .068 for Cu 1 8  and 2.0866 for Cu2B. The Cu l B  · · ·Cu2B 
distance is 3 .53 1 A with a corresponding Cu ! B  - 0 1 8 - Cu2B bond angle of 1 34.20°. 
a b 
Figure 111 .15. Molecular structure of LNH4PzCu2(iso-leu) . 
The crystal structure of L cocu2(0H) is shown in Figure I II . 1 6. and selected bond lengths and angles are 
given in Table IV.3 .  in appendix B .  The crystal structure reveals that unlike the previous complexes, there 
is only one independent molecule per asymmetric unit. In this molecule, each copper ion is five coordinate 
and bound to one oxygen atom from the phenolate bridge and three nitrogen atoms from one deprotonated 
amide group and two from each of the pyrazolyl rings of the bis(pyrazolyl)methane ligand with the ni trogen 
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atoms (N4 for Cu l and N9 of Cu2) forming an elongated bond to each of the copper ions. The remaining 
coordination site of each copper ion is occupied by an oxygen atom from the hydroxo bridge. 
The geometry around both copper ions can be described as distorted square pyramidal, with the r5 
parameters having the values of 0. 1 40 for Cu l and 0.254 for Cu2. The square plane for Cu l is defined by 
N l ,  N2, 0 1 ,  and 02 atoms with the fifth coordinating position bound to N4. In the case of Cu2, the square 
plane is defined by N6, N7, 0 1 ,  and 02 atoms with the fifth coordinating position occupied by N9. The 
copper-donor distances are similar with a mean distance of 2 .0834 A for Cu l and 2 .0592 A for Cu2. The 
Cu l · · ·  Cu2 distance is 2 .966 A with two corresponding angles of 1 0 1 .47° for Cu l - 02 - Cu2 and 95 .82° 
for Cu l - 01 - Cu2. 
Figure 111.16. Molecular structure of Lco4PzCu2(0H). 
The crystal structure of L cocu2(0Me) is shown in Figure III . 1 7. and selected bond lengths and angles 
are given in Table IV.4. in appendix B. The crystal structure reveals that it is similar in structure to 
U°Cu2(0H), as there is only one independent molecule per asymmetric unit. In this molecule, each copper 
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ion is five coordinate and bound to one oxygen atom from the phenolate bridge and three nitrogen atoms 
from one deprotonated amide group and two from each of the pyrazolyl rings of the bis(pyrazolyl)methane 
ligands with the nitrogen atoms (N 1 0  for Cu 1 and N6 for Cu2) forming an elongated bond to each of the 
copper ions. The remaining coordination site of each copper ion is occupied by an oxygen from the 
methoxide bridge. 
The geometry around both copper ions can be described as distorted square pyramidal with the r5 
parameters having values of 0. 1 59 for Cu I and 0. 1 78 for Cu2. The square plane for Cu 1 is defined by N2, 
N8, 0 1 ,  and 04 atoms, with the fifth coordinating position bound to N IO; while the square plane for Cu2 
is defined by N 1 ,  N4, 0 1 ,  and 04 atoms, with the fifth coordinating position bound to N6. The copper­
donor distances are similar with a mean of 2.0388 A for Cu l and 2 .0352 A for Cu2. The Cu l · · ·  Cu2 
distance is 2 .983 A with two corresponding angles, 96.33° for Cu l - 0 1 - Cu2 and 1 02. 9 1 °  for Cu l - 04 
- Cu2. 
Figure 111 .17. Molecular structure of Lrn4PzCu2(0Me). 
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Table 111.3. T5 values for each of the di-copper complexes. 
Compound Ts 
Cu l = 0.059 
L NH4pzCu2(0Ac) Cu3 = 0.064 Cu2 = 0.3 1 9  
Cu4 = 0.204 
L NH4pzCu2(iso-leu) Cu I A = 0. 1 83 
"perpendicular bridge" Cu2A = 0. 1 23 
L NH4pzCu2(iso-leu) Cu l B  = 0. 1 7 1  
"planar bridge" Cu2B = 0.290 
L co4pzCu2(0H) Cu l = 0. 1 40 Cu2 = 0.254 
Lco4PzCu2(0Me) Cu l =0. 1 59 Cu2 = 0. 1 78 
111.3. Catechol Oxidase Activity 
To determine if our complexes show catechol oxidase activity, we used 3,5-di-tert-butylcatechol 
(DTBC) as a model substrate in our catecholase studies.  This substrate has a low redox potential that makes 
it easy to oxidize. The product, 3,5-di-tert-butylquinone (DTBQ), is a stable compound and the bulky 
substituents prevent its further polymerization or ring opening reactions. DTBC also displays a 
characteristic strong absorption at A. = 400 nm with a molar extinction coefficient E of 1 740 M-1cm- 1 ,  as 
determined in our laboratory, by recording the absorption spectrum of a DTBQ solution in methanol of 
known concentration.9- 1 2 
Reactivity studies were performed in oxygen saturated methanol, prepared by bubbling pure 02 in 
methanol for at least 30 minutes prior to any study. Solutions of the complexes ( 1 .5 x 1 o--i M) and substrate 
( 1 .5 x 1 0-2 M) were mixed and their absorption spectra recorded every two minutes. The course of oxidation 
of DTBC by our copper(Il) complexes was monitored by the i ncrease in the quinone absorption band, as 
shown in Figures III. 1 8  - 111.20. These initial qualitative experiments revealed major differences between 
L NH4PzCu2(0Ac) ,  L NH4pzCu2(iso-leu),  and L co4pzCu2(0H):  while the L NH4Pz-based complexes show 
practically no catecholase activity, L co4pzCu2(0H) shows appreciable catalytic properties in the oxidation 
of DTBC to DTBQ. 
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Figure 111. 1 8. Catechol Oxidase Activity of L co4pzCu2(0H); the grey line is the original complex 
absorption and the multiple colored lines is the mixture of substrate and complex over time. 
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Figure 111. 1 9. Catechol Oxidase Activity of LN84PzCu2(0Ac); the purple line is the original complex 
absorption and the multiple colored lines is the mixture of substrate and complex over time. 
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Figure 111.20. Catechol Oxidase Activity of LNH4pzCu2(iso-leu); the purple line is the original complex 
absorption and the multiple colored lines is the mixture of substrate and complex over time. 
Before undertaking detailed kinetic experiments, we wanted to check if full conversion of the substrate 
is possible, plus the fact that the quinone was the only product formed over the span of the reaction. 
Therefore, we performed two experiments. The first one was a time-dependent UV-Vis scan of DTBC to 
DTBQ conversion, as shown in Figure III.2 1 .  To a solution of the Lco4PzCu2(0H) complex were added 10  
equivalents ofDTBC, and the final volume of the sample was brought to  2.5 mL, thus giving a final [DTBC ] 
concentration of 6.093 x 1 04 M .  For a full conversion of the substrate, a theoretical absorbance of 1 .060 
was calculated. After 240 minutes the recorded absorbance was 0.985, corresponding to a 93 % conversion 
of the substrate. At this point, J O  more equivalents of substrate were added (final [DTBC] concentration 
was then 5 .808 x l 0-4 M), and the reaction was allowed to proceed 660 more minutes (total reaction time 
900 minutes). The recorded absorbance was 1 .922, which translates into a 96 % conversion of the substrate 
(the new theoretical absorbance value for the second 1 00 % conversion is 1 .996). To test the conversion at 
higher catalyst : substrate ratio, we performed an identical experiment using 50 equivalents of substrate, 
but adjusting the final concentration of the substrate to the same 6.093 x l 04 M value, to keep the 
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but adjusting the final concentration of the substrate to the same 6.093 x 1 04 M value, to keep the 
absorbance values into a reasonable range. After 1 200 minutes, the recorded absorbance was 0.987, 
corresponding again to a 93 % conversion of the substrate. 
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Figure 111.21. Time scan showing full conversion of DTBC to DTBQ at various L co4pzcu2(0H) : 
DTBC ratios. 
The second test was based on 1 H-NMR spectroscopy, and used to check if DTBQ is the only product 
formed during the catalytic process. Figure III.22. shows the change over time of the catalyzed reaction. 
The bottom blue line is the copper complex by itself, showing no NMR peaks in the regions of interest. The 
red line above is the spectrum of the substrate (DTBC), with the two -C(CH3)3 groups appearing around 1 .2 
and 1 .3 ppm, and the two hydrogen atoms on the benzene ring appearing around 6.75 ppm. The next 
spectrum (the green line) is of the quinone (DTBQ), now noting the two t-butyl peaks around 1 . 1 and 1 . 1 3 
ppm, and the two hydrogen atoms on the ring shifted at 6.2 and 7 . 1  ppm, due to the change in the structure. 
The next spectrum (recorded 1 0  minutes after mixing together all the components) shows a mixture of the 
substrate and product: there are three small and broad peaks corresponding to the quinone product, 
indicating that the catechol is oxidized to DTBQ. The last spectrum (top), recorded after 72 hours, shows 
complete conversion of DTBC to DTBQ, as the peaks corresponding to DTBC completely disappear, and 
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only those related to DTBQ can be observed. This NMR spectrum does not change for at least three weeks, 
showing the stability of the product. 
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Lc0cu,(OH) 
Figure 111.22. 1H-NMR analysis showing that DTBQ is the only product formed. 
The kinetics of the catecholase model reactions were determined by the method of initial rates. With a 
large initial excess of the substrate, a linear dependence of the initial rates on the complex concentration 
was obtained (Figure 111.23 . ), showing a first order reaction in catalyst concentration. 
Effect of catalyst concentration on the initial rate of DTBC oxidation 
, 
'b ... 
" 
R' = 0.997 
Figure 111.23. Effect of catalyst concentration on the initial rate of DTBC oxidation as measured by the 
absorbance change at 400 nm. 
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To gain further insight, the variation of the initial rates with substrate concentration was investigated at 
25 ° C by time-dependent UVNis spectroscopy. From a 1 .25 · 1 0·2 M stock solution of 3 ,5-Di-
tertbutylcatechol, various volumes (corresponding to 2 .5 ,  5, 7 .5 ,  1 0, 1 5 ,  20, 25 , 30, 50, 75,  1 00 or 1 25 
equivalents) were added to a 1 mL sample of a 1 .25 x 1 0-4 M stock solution of complex . The final volume 
in the cuvette was kept constant at 2 .5 mL and, accordingly, the final concentration of the metal complex 
was 5 x 1 0-5 M. During the first 1 50 seconds of the reaction, the development of the absorption band at 400 
nm was monitored every 3 seconds .  The experimental results for L co4pzCu2(0H) are depicted in Figure 
111.24. and revealed a saturation behavior with increasing substrate concentration. A Michaelis - Menten 
treatment of the data set, combined with a nonlinear curve fitting, provided the Vmax, KM, and kcat values 
which are 7. 1 9  x 1 0-7 M · s- 1 ,  6 .22 x 1 0-4 M, and 5 1 .7 h- 1 ,  respectively. The kca1IKM value of 83, 1 70.5 M-1 · 
h- 1 was also calculated. Similar data can be gathered from the Lineweaver - Burk (double reciprocal) plot 
shown in Figure 111.25 . ;  however, the data from non-linear curve fitting (obtained using the program 
Prism) 1 3 are more accurate, therefore presented here. 
Effect of substrate concentration on the in itial rate of DTBC oxidation 
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Figure 111.24. Effect of substrate concentration on the initial rate of DTBC oxidation as measured by 
the absorbance change at 400 nm. 
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Lineweaver - Burk plot 
, 
....  
5 6 7 
1 I [ DTBC ] (  x 1 03 ) 
Figure 111.25. Double reciprocal Lineweaver-Burk plot, representative of the Lineweaver-Burk 
equation of enzyme kinetics.  The y-intercept represents ( I  I V  max) and the x-intercept represents (- 1 I Km) ; 
using the equation in the plot and setting the x- or y-intercept to zero allows for the mathematical 
determination of these values .  
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IV. Conclusions and Future Work 
The research discussed in this study focused on the design, synthesis, and characterization of new model 
complexes that mimic the catechol oxidase enzyme, which oxidizes catechols to their corresponding 
quinones.  We specifically focused on designing new model complexes with a dicopper center that can be 
fine-tuned in a variety of ways, such as sterics and exogeneous bridging molecules . This allows for a 
multitude of complexes to be synthesized and compared in order to determine how the structure affects the 
catalytic activity of the compounds . 
In the work presented here, a multi-step synthetic process was used to create two new ligands that consist 
of a phenolate group body, two amido group linkages on both sides, and a total of four pyrazolyl rings . 
These ligands were then coordinated to copper(II) centers, in combination with various exogeneous 
bridging molecules, thus generating different metal-based architectures, L NH4pz-copper complexes and 
L co4pz-copper complexes . These ligands and their corresponding copper(II) complexes were studied and 
characterized by 1 H-NMR, IR, and UV-Vis spectroscopy, and X-ray crystallography. 
X-Ray crystallographic data showed that L NH4pzCu2(0Ac) and L NH4pzCu2(iso-leu) have two molecules 
per asymmetric unit, while L co4pzCu2(0H) and L co4pzCu2(0Me) have only one molecule per asymmetric 
unit . In all four complexes, the environment around each of the copper ions consists in a distorted square 
pyramidal geometry, as shown by each copper ion' s ts value. The X-ray crystallographic data also revealed 
that the copper-copper distances varies with the ligand: in LNH4pzCu2(0Ac) these distances are 3 .507 A 
and 3 .5 1 9  A, respectively; in L NH4pzcu2(iso-leu) the values are 3 .53 1 A and 3 .538  A, respectively. Looking 
at the L co4pzCu2(0H) and L co4pzCu2(0Me) compounds, the corresponding values are 2 . 966 A, and 2.983 
A, respectively. 
The catechol oxidase-like behavior of these compounds was studied, and we found that the L NH4Pz­
based copper compounds are not very active, but the Lco4PzCu2(0H) complex has a high catecholase 
activity, with over a 90% conversion of the substrate . This indicates that structural differences between the 
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two complex types might play a significant role in determining the catechol oxidase activity; however, more 
studies will need to be done in order to fully determine the structure-activity relationship. 
The catalytic activity of these compounds was analyzed by UV-Vis and NMR spectroscopy. These 
studies confirmed that the quinone was the only product formed during this reaction . The kinetic studies 
performed on L co4pzCu2(0H) complex revealed that the reaction is first order in catalyst and there is a 
substrate saturation as the substrate concentration is increased. A Michaelis - Menten treatment of the data 
provided important kinetic information about the catechol-to-quinine process, such as Vmax (7. 1 9  x 1 0-7 M 
· s- 1 ) ,  KM (6.22 x 1 0-4 M), and kcat (5 1 .7 h· 1 )  values .  These values are similar to other values obtained other 
complexes discussed in this thesis .  
Future work would include the synthesis of  another H3L NH4pz-like ligand, having a more flexible 
structure. This would provide an answer to the question if flexibility of the ligand is an important factor in 
the catalytic activity of a specific copper(II) complex. Other future work would focus on the syntheses of 
L NH4Pz-copper(II) complexes and L co4pz-copper(II) complexes that have the same exogenous bridges.  
This would give more insight if the bridge is an important factor in catalytic activity . If the activity 
increases ,  it would indicate that a certain type and/or size of an anionic bridge molecule would be needed 
in order for the substrate to bind to the dicopper center; alternatively, if the activity remains the same, it 
would mean that some other factor such as the rigidity of the side-arms of the ligands or copper-copper 
distances affect the catecholase activity of the complex. 
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Table IV.1.  Bond lengths and angles for LNH4pzcu2(0Ac) .  
Bond lengths (A) Bond angles (0) 
Cu l - N l 1  1 .907 N 1 1 - Cu l  - 06 85 .07 
Cu l - 06 1 .907 06 - Cu l - 09 92.3 1 
Cu l - 0 1 1  2 .3 1 1 09 - Cu l  - N 1 6  88 . 1 3  
Cu l - 09 1 .965 N l 6 - Cu l  - N l l  93 . 1 2  
Cu l - N l 6  1 .97 1 N l l - Cu l - 0 1 1 94.9 1 
06 - Cu l - 0 1 1  89 .25 
09 - Cu l - 0 1 1  94.98 
N 1 6 - Cu l - 0 1 1  98 .54 
Cu3 - N 1 2  1 .959 N l 2 - Cu3 - N 1 7  93 .73 
Cu3 - N l 7  1 .970 N 1 7 - Cu3 - 0 1 0  88 .09 
Cu3 - 0 1 0  1 .943 0 1 0 - Cu3 - 06 92.68 
Cu3 - 06 1 .9 1 0  06 - Cu3 - N l 2  84.50 
Cu3 · · · N20 2.646 
Cu l · · · Cu3 3 . 5 1 9  Cu l - 06 - Cu3 1 34.46 
H l  · · ·  N l 4  1 .974 0 1 1 - H l · · ·  N l 4  1 68 .9 1 
0 1 1 · · ·  N l 4  2 .805 
Cu2 - N2 1 .969 N2 - Cu2 - 0 l 83 .77 
Cu2 - 0 l 1 .9 1 8  O l - Cu2 - 04 94. 1 8  
Cu2 - 04 1 .932 04 - Cu2 - N 1 0  88 .87 
Cu2 - N 1 0  2.020 N 1 0 - Cu2 - N8 84.3 1 
Cu2 · · ·  N8 2.328 N 1 0 - Cu2 - N2 92.44 
N8 - Cu2 - N2 83 .46 
N8 - Cu2 - 0 l 1 1 7 .99 
N8 - Cu2 - 04 98 .84 
Cu4 - N l 1 .983 N l - Cu4 - N4 83 .93 
Cu4 · · ·  N4 2 .4 1 7  N I  - Cu4 - N6 92.64 
Cu4 - N6 1 .973 N6 - Cu4 - 05 89. 1 4  
Cu4 - 05 1 .94 1 05 - Cu4 - 0 l 93 .82 
Cu4 - 0 l 1 .908 O l - Cu4 - N l 83 .56 
N4 - Cu4 - N6 82.27 
N4 - Cu4 - 05 99.77 
N4 - Cu4 - 0 l 1 1 2 .02 
Cu2 · · ·  Cu4 3 .507 Cu2 - 0 l - Cu4 1 32 .83 
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Table IV.2. Bond lengths and angles for L NH4pzCu2(iso-leu) . 
Bond lene:ths (A) Bond ane:les (0) 
Cu I B - O I B  1 .909 N I B  - Cu l B  - O I B  84.70 
Cu I B - N I B  1 .954 O I B  - Cu l B  - 03B 92.48 
Cu 1 B - N6B 1 .962 03B - Cu I B  - N6B 87.4 1 
Cu 1 B - 03B 1 .954 N6B - Cu I B  - N I B  94.25 
Cu l B  . . .  N4B 2.56 1 N2B - Cu2B - N l  I B  94 .29 
Cu2B - O I B  1 .924 Nl I B  - Cu2B - 02B 90.7 1 
Cu2B - N2B 1 .946 02B - Cu2B - O I B  92.24 
Cu2B - N 1 1 B 1 .968 O l B  - Cu2B - N2B 84 .37 
Cu2B - 02B 1 .928 
Cu2B · · ·  N9B 2 .667 
Cu l B  . . .  Cu2B 3 .53 1 
Cu l A - O l A  1 .9 1 1 N2A - Cu l A - O l A  84.3 1 
Cu l A - 03A 1 .960 O l A - Cu l A - 03A 92.39 
Cu l A - N9A 1 .950 03A - Cu l A - N9A 89 .49 
Cu 1 A - N2A 1 .962 N9A - Cu l A - N2A 94.28 
Cu l A  · · ·  N l l A  2.769 N l A - Cu2A - N7A 93 .88  
Cu2A - 0 1 A  1 .902 N7A - Cu2A - 02A 87.63 
Cu2A - N l A  1 .935 02A - Cu2A - O l A  92.77 
Cu2A - N7A 1 .942 O l A - Cu2A - N l A  84.78 
Cu2A - 02A 1 .957 
Cu2A . . .  N5A 2.784 
Cu l A  · · ·  Cu2A 3 .538  
Cu l B  - OlB - Cu2B 1 34 .20 
Cu l A - O l A - Cu2A 1 36 .23 
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Table IV.3. Bond lengths and angles for Lc04PzCu2(0H) . 
Bond lemrths (A) Bond an1des (0) 
Cu l - 0 1 1 .983 N I - Cu l  - N4 8 1 .49 
Cu l - N l 1 .9 1 1 N I - Cul  - N2 92. 1 1  
Cu l · · ·  N4 2.608 NI - Cu l  - 02 1 70.40 
Cu l - N2 1 .995 NI - Cu l  - 0 1 9 1 .52 
Cu l - 02 1 .920 N4 - Cu l  - N2 84.64 
N4 - Cu l - 02 1 05 . 88  
N4 - Cu l - 0 1 97.5 1 
N2 - Cu l - 02 94.67 
N2 - Cu l - 0 1 1 76.02 
02 - Cu l - 0 1 8 1 .53  
Cu2 - 0 l 2 .0 1 3  N6 - Cu2 - N7 9 1 .08 
Cu2 - N6 1 .9 1 6  N6 - Cu2 - N9 86. 1 1  
Cu2 - N7 2 .0 1 6  N6 - Cu2 - 02 1 7 1 .65 
Cu2 · · ·  N9 2.440 N6 - Cu2 - 0 1 90.77 
Cu2 - 02 1 .9 1 1  N7 - Cu2 - N9 83 .97 
N7 - Cu2 - 02 97.20 
N7 - Cu2 - 0 1 1 63 .58  
N9 - Cu2 - 02 95 .83 
N9 - Cu2 - 0 1 1 1 2 .43 
02 - Cu2 - 0 l 80.97 
Cu l - O l - Cu2 95 .82 
Cu l · · ·  Cu2 2 .966 Cu l - 02 - Cu2 1 0 1 .47 
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Table IV.4. Bond lengths and angles for Lc04PzCu2(0Me) . 
Bond lene:ths (A) Bond ane:les (0) 
Cu l - 0 1 1 .999 N2 - Cu l - N 1 0  S6.75 
Cu l - N2 1 .9 1 5  N2 - Cu l - NS S9.77 
Cu l · · ·  N l O  2 .365 N2 - Cu l  - 04 1 7 1 .3 1  
Cu l - NS 2 .0 1 0  N2 - Cu l - O l 92.9S 
Cu l - 04 1 .905 NS - Cu l - N l O  S6. 1 6  
NS - Cu l  - 04 95 . 1 0 
NS - Cu l  - 0 1 1 63 .4S 
N l O - Cu l - 04 1 00.72 
N l O - Cu l - 0 1 1 1 0 .25 
04 - Cu l - O l S0.34 
Cu2 - 0 l 2.004 Nl - Cu2 - N6 S7 .46 
Cu2 - N l 1 .9 1 3  N l - Cu2 - N4 90.S2 
Cu2 · · ·  N6 2 .330 N l - Cu2 - 04 1 70.7 1 
Cu2 - N4 2.02 1 N l - Cu2 - 0 l 9 1 .92 
Cu2 - 04 1 .90S N6 - Cu2 - N4 S5 .94 
N6 - Cu2 - 04 99.SO 
N6 - Cu2 - 0 l 1 1 0.49 
N4 - Cu2 - 04 95 .44 
N4 - Cu2 - 0 l 1 63 .45 
04 - Cu2 - 0 l S0. 1 5  
Cu l - O l - Cu2 96.33 
Cu l · · ·  Cu2 2.9S3 Cu l - 04 - Cu2 1 02 .9 1 
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